Background: In the present study, we investigated the ability of polyethylene glycol (PEG) 
polymers have been added to nanoparticle-based formulations to promote this endosomal escape. 4 The protection of the oligonucleotide of interest against enzymatic nuclease degradation can be carried out by encapsulation inside the nanoparticulated system 5 or by means of layer-by-layer assembly of alternate polyelectrolytes on the surface of the nanoparticles together with the plasmid or siRNA. 6 Finally, direct covalent coupling of the oligonucleotide to the nanoparticle reduces the susceptibility to nuclease degradation when the bond does not impair the oligonucleotide biological activity. 7 Those benefits have supported several clinical trials using nanoparticles transporting plamids 8 and siRNAs 9 suppressing or silencing genes involved in cancer proliferation.
Rosi et al. 7 demonstrated that, with the same amount of antisense oligonucleotide transported, gold nanoparticles can outperform the silencing efficiency in terms of protein percent knockdown compared to different commercially available transfection reagents with no signs
of cytotoxicity at the doses tested. Lee et al. 10 described the gene silencing efficiency of cysteamine modified gold nanoparticles decorated with polyethylenimine (PEI) and targeted using hyaluronic acid with luciferase-specific siRNA and vascular endothelial growth factor-specific siRNA in the presence of 50 vol % serum to simulate in vivo conditions. Under those conditions, a 70% reduction of the vascular endothelial growth factor mRNA level was measured for the nanoparticulated vector, whereas only a 20% reduction was observed for the commercial lipofectamine used as control. Simultaneous codelivery of siRNA and plasmidic DNA for knockdown and expression was demonstrated by Bishop et al. 11 using polymer-coated (by layerby-layer) gold nanoparticles with a superior performance compared to commercially available transfection reagents at the same dosage in human brain cancer cells.
However, even with higher transfer efficiency, strategies designed to improve the oligonucleotide penetration and lower cytotoxicity are highly desirable. Accordingly, strategies using copolymers based on PEI and polyethylene glycol (PEG) and linked with cell penetrating peptides (i.e. trans-activating transcriptional activator TAT) have been widely used as transfection reagents. 12 For those polyplexes, appropriate sizes (between 50 and 75 nm) and PEI nitrogen to DNA phosphates ratios (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) are critical to achieving a high transfection efficiency. 12 The use of PEI and PEG as transfection reagents has also been previously combined with magnetic nanoparticles. The conjugation of PEI to nanoparticles favors DNA sedimentation and cellular uptake and enhances the transfection efficiency. 13 In this regard, Stephen et al. 14 have recently reported the use of chitosan-PEG grafted with catechol functionalized with cationic PEI on the surface of magnetic nanoparticles. However, the transfection efficiency was reduced when PEG was used to reduce the cytotoxicity of the transfection reagent. In addition, PEG and PEI have also been grafted on the surface of carbon nanotubes 15 and graphene 16 to silence target gene expression via RNA interference, taking advantage of the improved solubility provided by the PEG.
In general, PEG reduces nonspecific interactions with plasma proteins and nanoparticle-cell internalization with a consequent reduction in the transfection efficacy. Many PEG de-shielding strategies have been implemented to release the plasmid in vivo under the intracellular reductive conditions. 17, 18 Williams et al. 19 demonstrated in vivo that neither the covalent coupling, nor the electrostatic interaction of gold nanoparticles to PEI/PEG increased the transfection efficiency and protein expression compared to the levels achieved with the PEI/PEG polyplexes alone. It was postulated that the electrostatic interaction was not sufficiently stable during the delivery and, for the case of the covalently grafted PEI/PEG, a low nanoparticle to PEI/PEG ratio might be responsible for such a reduced transfection efficiency.
In the present study, we describe a transfection reagent based on gold nanoparticles and PEG/PEI in which the transfection efficiency levels reached are equivalent or even superior under some conditions to commercially available transfection reagents using 3000, 4700 and up to 40000 bp plasmids, with the later being close to the limit of the DNA-carrying capacity of viral vectors. 20 Therefore, using those novel nanoparticles, not only electrostatic attraction, but also sedimentation 21 can aid in moving the DNA to the cell wall.
| MATERIALS AND METHODS

| Nanoparticle synthesis and characterization
Au-PEI nanoparticles were synthesized using PEI branched ).
| Confocal microscopy
To assess the intracellular trafficking of the reporter gene pEGFP, Fourier transform infrared spectroscopy (FTIR) analysis (see Supporting information, Figure S1 ) was performed to evaluate the successful covalent coupling between the SH-PEG and the gold nanoparticles and also to corroborate the presence of the amino groups introduced by the PEI. SH-PEG exhibits the S-H stretching vibrational mode appearing at around 2557 cm −1 . As expected, subsequent to its reaction with Au-PEI nanoparticles, the S-H bond stretching vibrational band completely disappeared, which indicated the formation of the S-Au bond. 25 This S-Au interaction is partially covalent (approximately 35%) and mostly electrostatic (approximately 65%). 26 N-H bending and C-N stretching modes were observed near 1594 and 1120 cm −1 , respectively. CH 2 bending modes and C-C stretching modes were also observed at 1454 and 1047 cm −1 , respectively.
| Transfection assays
Two N-H stretching modes were detected for the primary amine group near 3355 and 3277 cm −1 , and an overtone band near 3180 cm −1 was also present. The characteristic C-H stretching modes were observed between 3000 and 2700 cm . For Au-PEI nanoparticles, the relative intensity of the C-N stretching mode was diminished relative to that of the C-C stretching modes.
XPS analysis (see Supporting information, Table S1 ) also revealed the presence of phosphorus on the Au-PEI-PEG nanoparticles incubated with the DNA, revealing a N/P from phosphate ratio of 40.6 (see Supporting information, Table S1 ). This high ratio is a guarantee of a successful transfection in agreement with previous studies. indicated that doses below 12.5 μg mL −1 could potentially be used for transfection applications on those cell lines when using just Au-PEI nanoparticles. Clearly, PEGylation reduced PEI cytotoxicity in agreement with the literature, 28 probably caused by a reduced cell internalization.
We also analyzed the DNA protection from degradation using a gel retardation assay. Naked DNA showed degradation after treatment with the XhoI and NotI restriction enzymes (see Supporting information, Figure S3 ). By contrast, no significant loss of plasmid integrity was observed for the nanoparticulated complexes, indicative of a successful DNA condensation and protection in the polymeric nanoparticle corona. DNA condensation was also corroborated by AFM (see Supporting information, Figure S4 ) where a slight nanoparticle size increase was observed for the Au-PEI-PEG nanoparticles after DNA coupling and no free DNA was observed.
| Transfection efficiency
We observed how GFP expression was qualitatively enhanced when using both Au-PEI-PEG 20:1 and 30:1 (w/w) transfection reagents A successful transfection was even achieved using the Au-PEI-PEG nanoparticles as gene carriers of a 40000 bp plasmid ( Figure 5 ).
Qualitatively, a higher transfection was achieved when using the gold-based nanocarriers. The transfection efficiency of large plasmids is limited by the slow transit through the intracellular vesicles by molecular crowding and small plasmids are usually diffusing faster towards the nuclei. 29, 30 Because one of the main purposes of this strategy would be the use of those NPs as vectors for gene therapy, we performed a classical approach of suicide gene therapy mediated by the herpes simplex virus thymidine kinase gene triggered by the prodrug ganciclovir. The gene product phosphorylates the nontoxic GCV into GCV triphosphate, which is incorporated into DNA in replicating cells, inhibiting DNA synthesis and resulting in cell death. 31 Figure 6 shows the enhanced transgene efficient delivery when using the Au-PEI-PEG nanoparticles compared to the use of the commercial formulation.
Intracellular trafficking was monitored using Cy5 labeled-pEGFP complexed with either Au-PEI-PEG nanoparticles or with Lipofectamine 2000. As can be seen in Figure 7 , after 4 h of incubation, complexes were visible in the cytoplasm of the HeLa cells. The presence of Lipofectamine/Cy5-DNA complexes in the extracellular matrix 
| DISCUSSION
The transfection efficiency of nanoparticulated carriers can be improved when combining an adequate electrokinetic potential, which is able to electrostatically bind condensed DNA, with appropriate gene-vector dispersion and reduced agglomeration in the culture media. PEI provides the surface charge needed for a successful transfection as a result of its large buffering and endosomolytic ability and PEG provides reduced unspecific adsorption and steric hindrance.
However, this PEI buffering ability and consequent change in the endosomal pH is still a matter of debate 32 and, most likely, its degradative action on the pH-dependent endosomal compartment is responsible for the DNA release. Despite the successful transfection efficiency of PEI, this cationic macromolecule acts as an apoptotic agent disrupting the plasma membrane and altering the mitochondrial membrane. 33 As noted above, PEG has been introduced in PEI-based vectors to improve their solubility and to reduce their cytotoxicity but with the main drawback of reducing the efficiency compared to that achieved with the non-PEGylated vector. The reduction in the cytotoxicity induced by the PEG is a result of its mitigation ability with respect to the charge-induced toxicity. 14 This charge reduction decreases the PEI buffering ability and also the successive washing steps that follow to anchor PEG on the PEI-based vector and 6 Cell viability using the thymidine kinase suicide gene under the presence of GCV in HeLa cells. Phosphorilated GCV is able to mediate the cell death at the doses studied. At the maximum nanoparticle concentration, the high presence of Au-PEI-PEG nanoparticles promote some death in the absence of GCV participate in removing unbound PEI, which contributes to an efficient gene expression. 34 We clearly demonstrate (Figure 3) .that PEG reduces the PEI cytotoxicity probably caused by a reduction in the negative charge considering that the electrokinetic potential of Au-PEI in water was +30.4 ± 0.8 mV and, after PEG grafting, the Au-PEI-PEG nanoparticles showed a zeta potential of +26.2 ± 2.4 mV (Figure 1 ). Enzymatic degradation is not responsible for a successful gene transfer carried out by the nanoparticulated systems. We observed that no significant loss of plasmid integrity was observed after treating the nanoconjugated plasmids with restriction enzymes.
This is an indication that just PEI is a successful reagent to condense plasmid DNA and protect it from degradation in the cytosol by achieving a more stable form with longer retention times than free DNA. 35 It has been postulated that PEI offers a steric and/or electrostatic barrier to the diffusion of the restriction enzyme towards the protected DNA. 36 The different transfection levels achieved for the two cell lines The gene expression levels obtained on HeLa cells were lower than those obtained with Hek293t cells (Figures 3 and 4) , which can be attributed to the higher cytotoxicity of the Au-PEI-PEG nanoparticles on the HeLa cells at the same doses ( Figure 3 ). In addition, the 293 t cell line contains the SV40 Large T-antigen, which allows for episomal replication of transfected plasmids containing SV40, as for the pEGFP used in the present study. 29 For that reason, the amplification product might have a larger temporal expression in the Hek293t cell line.
Lukacs et al. 38 demonstrated that plasmid DNA with sizes above 250 bp remains almost immobile in the cytoplasm because of molecular crowding; however, PEI has demonstrated efficient transfection of 
